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In this report, we present the magnetotransport and magnetization properties of LaSbTe single
crystals. Magnetic field-induced turn-on behavior and low-temperature resistivity plateau have been
observed. By adopting both metal-semiconductor crossover and Kohler scaling analysis, we have
discussed the possible origin of the temperature and magnetic field dependence of resistivity. At 5 K
and 9 T, a large, non-saturating transverse magnetoresistance (MR) ∼ 5×103 % has been obtained.
The MR shows considerable anisotropy, when the magnetic field is applied along different crystal-
lographic directions. The non-linear field dependence of the Hall resistivity confirms the presence
of two types of charge carriers. From the semiclassical two-band fitting of Hall conductivity and
longitudinal conductivity, very high carrier mobilities and almost equal electron and hole densities
have been deduced, which result in large MR. The Fermi surface properties have been analyzed from
de Haas-van Alphen oscillation. From the magnetization measurement, the signature of non-trivial
surface state has been detected, which confirms that LaSbTe is a topological insulator, consistent
with the earlier first-principles calculations.
I. INTRODUCTION
The complex electronic band structure in condensed
matter systems always fascinates researchers as it leads
to unique states of matter, often reflected in their
unusual electronic transport properties. In this regard,
the recent discovery of topological insulator (TI) and
three-dimensional topological semimetal (TSM) has
emerged as a major boost, which has unfolded a whole
new domain to explore the dynamics of relativistic par-
ticle in low-energy electronic system. The experimental
discovery of TI [1–3] was followed by the realization
of three-dimensional TSMs, which attracted enormous
attention due to the presence of relativistic Dirac and
Weyl fermions as quasi-particle excitations in their
symmetry protected semimetallic bulk state. Among
the TSM candidates, Cd3As2 and Na3Bi were first
theoretically predicted [4, 5] and experimentally verified
[6, 7] to host Dirac fermions, whereas Weyl fermions
were identified in TX (T = Ta, Nb; X = As, P) family
of materials [8–16]. In addition to the fundamental
physics, the unique transport responses such as extreme
magnetoresistance (XMR), ultrahigh electronic mobility,
make these materials highly preferable for technological
applications. Therefore, prediction and experimental
finding of new materials with topological non-trivial
electronic band structure are of growing interest.
Recently, from band structure calculations, Xu et al.
[17] have proposed that the members of the family WHM
(W being Zr, Hf or La; H is from group IV or V; M
is group VI element) are potential candidates for two-
dimensional (2D) TI. Angle-resolved photoemission spec-
troscopy (ARPES) has revealed 2D topological insulat-
ing state on the surface of ZrSnTe [18], whereas several
other members, ZrSiS, ZrSiSe and ZrSiTe have been con-
firmed as topological nodal-line semimetals from ARPES
and transport experiments [19–22]. Therefore, detailed
studies on different members of this family are required,
which may lead to novel quantum states of matter.
In this report, we present the magnetotransport and
magnetization properties of single crystalline LaSbTe,
a member of the WHM family. Our experimental re-
sults reveal compensated electron-hole density with very
high carrier mobility in LaSbTe. The observed mag-
netic field-induced resistivity upturn and large MR are
analyzed both from the viewpoints of possible metal-
semiconductor-like transition and Kohler scaling. The
Fermi surface parameters have been calculated from de
Haas-van Alphen oscillation in the magnetization mea-
surement. In the low-field region of the magnetization
measurement data, a robust paramagnetic singularity has
been observed, which originates from the spin-polarized
non-trivial surface state. Our results thus confirm a topo-
logical insulating phase in LaSbTe, which is in accordance
with the theoretical prediction [17].
II. SAMPLE PREPARATION AND
EXPERIMENTAL DETAILS
The single crystals of LaSbTe were grown by molten-
salt flux method [23]. A mixture of LiCl (Alfa Aesar
99.9%) and RbCl (Alfa Aesar 99.8%) in 55:45 molar ra-
tio was used as flux. The chloride salt mixture along
with stoichiometric amount of La (Alfa Aesar 99.9%),
Sb (Alfa Aesar 99.9999%) and Te (Alfa Aesar 99.999%)
were taken in an alumina crucible which was then sealed
in a quartz tube under vacuum. The quartz tube was
heated to 700◦C and kept at this temperature for 5 days.
After that, the furnace was cooled slowly (2◦C/h) to
room temperature. Shinny single crystals were obtained
which were washed with water to remove the chloride
salt and cleaned with acetone. X-ray diffraction (XRD)
patterns were obtained in a Rigaku X-ray diffractome-
ter (TTRAX III). High resolution transmission electron
microscopy (HRTEM) of the crystals was done in FEI,
TECNAI G2 F30, S - TWIN microscope operating at
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300 kV and equipped with GATAN Orius SC1000B CCD
camera. Transport measurements were performed in a 9
T physical property measurement system (Quantum De-
sign) with ac transport option on several single crystal
samples from the same batch, all shaped into thin rectan-
gular bar geometry. Magnetic measurements were done
in a 7 T SQUID-VSM MPMS 3 (Quantum Design). Be-
fore doing the magnetic measurements on LaSbTe sam-
ples, we have measured the empty sample holders to en-
sure the absence of any contamination. The obtained
data are more than two orders of magnitude smaller than
that obtained with LaSbTe. Similar properties have been
observed for all the crystals.
III. RESULTS AND DISCUSSIONS
A. Sample characterization
In the inset of Fig. 1(a), a single crystal of LaSbTe
of typical dimensions 2 mm×1 mm×0.6 mm is shown
with different crystallographic axes along which measure-
ments have been done. The XRD pattern of powdered
single crystals is illustrated in Fig. 1(a). The sharp
diffraction peaks with small full-width at half-maximum
confirm the high quality of the grown crystals. The
XRD pattern has been analyzed by Rietveld structural
refinement using FULLPROF software package and the
peaks have been indexed. LaSbTe crystallizes in a Zr-
SiS type structure and belongs to orthorhombic space
group Pmcn [23, 24]. The refined lattice parameters cal-
culated from XRD spectra, a=4.3903(2), b=4.4293(3)
and c=19.4858(3) A˚, are consistent with previous report
[23]. The selective area electron diffraction (SAED) pat-
tern obtained in HRTEM is shown in Fig. 1(b) with the
Miller indices of the corresponding lattice planes.
B. Temperature dependence of resistivity and
low-temperature resistivity plateau.
In Fig. 2(a), the resistivity of two samples from
the same batch is shown as a function of tempera-
ture. Both the samples exhibit identical temperature
dependence, decreasing almost linearly from 300 K
down to 125 K and show weak temperature dependence
below 30 K. The resistivity at 2 K is as low as ∼9 µΩ
cm for sample 1 and ∼6 µΩ cm for sample 2, which
are comparable to that reported for Dirac semimetal
Cd3As2 and Weyl semimetal candidates TaAs, NbP
and TaP [12, 16, 25, 26]. The calculated residual
resistivity ratio [RRR=ρxx(300 K)/ρxx(2 K)] for both
the samples (sample 1 ∼8.4; sample 2 ∼14), suggests
good metallicity of the grown LaSbTe crystals. Although
these values of RRR are significantly smaller than that
observed in ZrSiS (RRR ∼288)[20], it is comparable
to that reported for another sister compound HfSiS
[27]. From the structural point of view, which also
FIG. 1. (Color online) (a) Powder XRD pattern of the LaSbTe
single crystals. Inset shows a typical single crystal. (b) SAED
pattern obtained in HRTEM measurement.
plays an important role on electronic properties, HfSiS
(tetragonal) is rather closer to ZrSiS than the present
one (orthorhombic; LaSbTe). Therefore, it may not be
very straight forward to compare the RRR of LaSbTe
with ZrSiS. We would also like to mention that the
RRR in Dirac/Weyl semimetals has been seen to vary
over a wide range. The observed value of RRR for
LaSbTe is, however, comparable to several topological
semimetals [12, 25, 26]. For both the crystals, the
low-temperature resistivity can be fitted well [Fig. 2(a)
inset] with ρxx(T ) = A + BT
n type relation for n∼3,
where A and B are constants. Deviation from a value
n=2 is generally considered as a departure from the
pure electronic correlation dominated scattering mech-
anism [28]. Similar type of temperature dependence
of resistivity has also been observed in unconventional
semimetals LaSb (n=4) and LaBi (n=3), elemental
yttrium and transition metal carbide and has been at-
tributed to interband electron-phonon scattering [29–32].
When a magnetic field is applied, resistivity is
observed to increase rapidly, particularly in the low-
temperature region [Fig. 2(b)]. Above a critical value
of the magnetic field ∼1 T, the resistive behavior of
LaSbTe at low temperature modifies significantly. The
nature of the slope of the ρxx(T ) curve changes and
a metal-semiconductor-like crossover appears. Similar
upturn in low-temperature resistivity has been observed
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FIG. 2. (Color online) (a) Temperature dependence of resis-
tivity for two samples from the same batch. Upper inset shows
the low-temperature region fitted with ρxx(T ) = A + BT
n.
The low-temperature resistivity is plotted with T3 in the lower
inset. (b) ρxx(T ) under different transverse magnetic field
strengths.
in several TSMs [16, 25, 29, 30]. In analogy to dynamical
chiral symmetry breaking in the relativistic theory of
(2 + 1)-dimensional Dirac fermions, Khveshchenko pro-
posed that this type of magnetic field-induced crossover
is due to the gap opening at the band crossing points
[33]. However, subsequent explanations in terms of
scaling analysis, have also been proposed [34–36]. Here,
we have adopted both the approaches to discuss the
resistivity turn-on behavior in LaSbTe. ρxx(T ) can be
analyzed considering the thermal activated transport,
ρxx(T)∝exp(Eg/kBT ), as in the case of intrinsic semi-
conductor and several topological semimetal systems
[29, 37]. In Fig. 3(a), we have plotted lnρxx as a
function of T−1. From the slope of the curve, the
thermal activation energy gap (Eg) ∼2.6 meV has been
calculated at 9 T, which is quite small. As shown in Fig.
3(b), the calculated energy gap clearly shows a strong
magnetic field dependence.
Above the critical magnetic field, the crossover in
ρxx(T ) curve is followed by a plateau at low temper-
ature. Although, the field-induced resistivity plateau
has been observed in several topologically non-trivial
semimetallic systems [16, 25, 29, 30, 36], its origin is not
FIG. 3. (Color online) (a) lnρ plotted as a function of T−1.
(b) Field dependence of the calculated thermal activation en-
ergy gap. (c) ∂ρxx/∂T plotted as a function of temperature
for different applied field strengths. Inset shows the crossover
temperature (Tm) and plateau temperature (Ti) for 7 T. (d)
Triangular temperature-field phase diagram constructed from
Tm and Ti.
yet settled unambiguously. Very similar temperature-
dependent resistivity has been observed in topological in-
sulators Bi2Te2Se and SmB6 in absence of magnetic field,
where the low-temperature saturation-like behavior in re-
sistivity arises due to the competition between conduct-
ing surface and insulating bulk states [38, 39]. On the
other hand, the field-induced resistivity plateau in LaS-
bTe appears in broken time-reversal symmetry scenario.
In Fig. 3(c), the first-order derivative of the resistivity
∂ρxx/∂T is plotted as a function of temperature for differ-
ent magnetic field strengths. As shown in the inset, from
the resultant curves, two distinct characteristic temper-
atures can be identified, the crossover temperature Tm,
where ∂ρxx/∂T changes sign and Ti, below which the
resistivity plateau starts to appear. While Tm increases
monotonically with field, Ti is almost field independent.
In Fig. 3(d), following the approach of Tafti et al. [40],
we have constructed a triangular temperature-field phase
diagram for LaSbTe by plotting Tm and Ti as a function
of magnetic field. This triangular phase diagram has been
seen to be universal for all semimetallic systems showing
extreme magnetoresistance [40]. In the figure, the gray
shaded area which corresponds to ∂ρxx/∂T<0, denotes
the region where XMR occurs. The linear fitted curves of
Tm(B) and Ti(B) merge at B0∼1.6 T, which is precisely
the turn-on field above which metal-semiconductor-like
crossover appears. The region above the shaded trian-
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FIG. 4. (Color online) (a) Transverse MR for sample 1 and
sample 2. (b) Transverse MR for sample 2 at different repre-
sentative temperatures. (c) MR at different temperatures are
scaled using Kohler’s rule. Inset shows the power-law (Eq. 1)
fitting of the experimental data. (d) Field-dependent part of
ρxx(T). Solid lines denote the generated curves from Kohler’s
rule.
gle with ∂ρxx/∂T>0 is of metallic conduction and neg-
ligible MR, whereas the area below the shaded triangle
denotes the plateau region (∂ρxx/∂T→0). As has been
seen in bismuth and graphite [34], the triangular region
in the temperature-field phase diagram can be specified
by the inequality, h¯/τ <∼ h¯ωc <∼ kBT , where τ is the
electron-phonon scattering time and ωc is the cyclotron
frequency. In clean semimetals with low carrier density,
τ−1kBT/h¯ and hence, there exists a wide temperature-
field range where XMR and metal-semiconductor-like
crossover in resistivity appear. On the other hand, large
carrier density and strong impurity scattering, limit the
MR in conventional metals [41].
C. Large and anisotropic magnetoresistance in
LaSbTe.
Next, we have measured the transverse MR, i.e., MR
under transverse electric and magnetic fields. In Fig.
4(a), the MR for two samples is compared at 5 K with
current along a and field along c axis. It is clear from fig-
ure that the sample with higher RRR (sample 2) shows
stronger response to magnetic field than the other one
(sample 1). Therefore, the value of MR clearly depends
on the RRR. However, the MR for both the samples is
observed to follow same power-law behavior, MR∝Bm
with m ∼1.6. In Fig. 4(b), we have plotted MR at dif-
ferent temperatures for sample 2 as a representative. At
2 K and 9 T, a large MR ∼4×103 % is obtained without
any signature of saturation. Though the observed MR is
not among the largest reported so far, it is comparable to
that observed in several topological semimetals [26, 42–
44]. With the increase in temperature, however, the MR
decreases rapidly to only ∼35 % at 300 K and 9 T. As
shown in Fig. 4(c), employing the Kohler’s rule,
MR = α(B/ρ0)
m, (1)
with α=4.8×10−9 (Ω cm/T)1.6 and m=1.6, the MR
curves at different temperatures can be scaled to a single
curve. According to semiclassical two-band theory, the
validity of Kohler rule with MR∝(B/ρ0)2 suggests a per-
fectly compensated system [28]. In LaSbTe, however, the
exponent is not exactly 2 and as a result a small deviation
from scaling in Fig. 4(c) is observed at high temperature.
The deviation becomes more prominent for temperature
above 100 K. Several aspects [36, 45], including different
densities and or temperature dependence of mobility for
two types of carriers may lead to the violation of Kohler
scaling in LaSbTe, to be discussed later on. Adopting a
modified form of Eq. (1),
ρxx(B) = ρ0 + αB
m/ρm−10 , (2)
it can be shown that the resistivity in a magnetic field
consists of two components, zero-field resistivity ρ0
and field-induced component ∆ρxx=αB
m/ρm−10 . The
competition between these two terms may give rise
the observed minimum in the temperature dependence
of resistivity above the critical field. In Fig. 4(d),
the field-induced resistivity component is plotted for
different magnetic fields. As illustrated by the solid
lines, the experimental data at all magnetic fields can
be described well by Eq. (2) with α=4.8×10−9 (Ω
cm/T)1.6 and m=1.6. MR at different magnetic fields
in fact collapses onto a single curve when normalized
by their respective values at 2 K [Fig. 5(a)]. This
suggests that the temperature dependence of MR
remains same for all magnetic fields. On the other hand,
the calculated thermal activation energy gap (Eg) has
been observed to increase monotonically with field. So,
sharper metal-semiconductor-like crossover is expected
at higher magnetic fields. Therefore, the validity of
such scaling behavior, seems to be contradictory to the
picture of possible field-induced gap at the band crossing
points. Moreover, the gap opening model has several
shortcomings. For example, the calculated small energy
gap (∼2.6 meV) corresponds to a temperature ∼25 K.
However, the semiconductor-like behavior persists up to
a temperature as high as ∼150 K. In addition to that,
no change in Hall resistivity has been observed through
out the measured temperature range. As α and m are
temperature-independent constants, Eq. (2) suggests
that the temperature dependence of ∆ρxx is determined
entirely by ρ0(T ), which is again inversely proportional
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FIG. 5. (Color online) (a) Temperature dependence of MR.
Inset shows the normalized MR with the value at 2 K. (b)
MR as a function of magnetic field at 5 K when B is tilted
along different crystallographic directions. Inset shows the
schematic of the experimental setup. (c) Polar plot of TMR
for two different field strengths with current along a axis and
magnetic filed rotated in the bc plane. (d) Angular depen-
dence of MR with current parallel to a-axis and field rotated
in the ac plane.
to density and mobility of the charge carrier. Therefore,
in a system where carrier density remains constant
with temperature, the resistivity turn-on behavior
may result from strong temperature dependence of the
carrier mobility [34, 36]. In spite of being conflicting,
both metal-semiconductor crossover [29, 37] and Kohler
scaling analysis [34–36] are used simultaneously and can
explain the observed transport behavior to some extent.
However, the actual origin remains an open question,
which is yet to be answered decisively.
For in-depth understanding of magnetotransport prop-
erties of LaSbTe, we have measured the MR by tilting the
magnetic field along different crystallographic directions
while keeping the current direction unaltered. The exper-
imental configuration is shown schematically in the inset
of Fig. 5(b) with current along a axis and magnetic field
is rotated within the bc plane. As we increase the angle
(θ) from 0◦ to 90◦, MR is seen to increase and then de-
creases with further increase of θ beyond 90◦. Maximum
MR ∼5×103 is recorded at θ ∼90◦ (B‖b). In Fig. 5(c),
MR for two different field strengths, is plotted as a func-
tion of the tilting angle. The resultant curve possesses
a two-fold rotational symmetry, indicating considerable
anisotropy in the magnetotransport properties in LaS-
bTe. Anisotropic MR has also been reported in other
members of the WHM family [20–22]. The MR in ZrSiS
and ZrSiSe shows strong anisotropy and buttery-like an-
gular dependence. [21, 22]. On the other hand, the MR
in ZrSiTe exhibits a two-fold symmetric pattern, which
is similar to the present system [22].
We have also measured the MR with current along a
axis and magnetic field is rotated within the ac plane.
As shown in the Fig. 5(d), MR becomes minimum when
electric and magnetic fields are parallel to each other
(ϕ=90◦; B‖a), which is expected due to the absence
of Lorentz force in such a configuration. MR increases
monotonically as the angle decreases from 90◦ to 0◦.
For both the angle variation measurement configurations,
weak but detectable kinks have been observed symmetri-
cally at certain angles (at 600 and 2400 for field rotated in
bc plane; at 1650 and 3450 for field rotated in ac plane).
It may be due to some higher order texturing, which has
also been reported in another isostructural compound Zr-
SiS [21].
D. Hall measurement.
To determine the nature and density of the charge car-
riers, we have performed the Hall resistivity measurement
in the temperature range 10-300 K. In Fig. 6(a), the
measured Hall resistivity (ρyx) is plotted as a function of
magnetic field. At 300 K, ρyx is found to be almost linear
and positive which indicate hole-dominated charge con-
duction. However, with decreasing temperature, ρyx(B)
becomes sublinear and, around 100 K, its sign changes
from positive to negative at high fields. The magnetic
field dependence of ρyx clearly shows that more than
one type of charge carrier is present in LaSbTe. From
the high-field slope of the ρyx(B) curves, the Hall coeffi-
cient has been determined and shown in Fig. 6(b) as a
function of temperature. Following the semiclassical two-
band model [12, 46], we have fitted the Hall conductivity
σxy in Fig. 6(c) using,
σxy =
[
nhµ
2
h
1
1 + (µhB)2
− neµ2e
1
1 + (µeB)2
]
eB, (3)
where σxy=
ρyx
ρ2yx+ρ
2
xx
has been obtained from the tensorial
inversion of the resistivity matrix. ρxx is the longitudinal
resistivity. ne (nh) and µe (µh) are electron (hole) den-
sity and mobility, respectively. From the fitting param-
eters, the electron and hole densities at 10 K are found
to be, 1.5(3)×1019 cm−3 and 1.2(2)×1019 cm−3 respec-
tively, which indicate near-perfect electron-hole carrier
compensation in LaSbTe. The obtained electron and
hole mobilities are large and at 10 K are ∼3.7(1)×103
cm2 V−1 s−1 and ∼1.9(2)×104 cm2 V−1 s−1 respectively,
which are comparable to the carrier mobility observed
in Dirac semimetals Cd3As2, ZrTe5, TlBiSSe and Weyl
semimetal WTe2 [42, 47–49]. As shown in Fig. 6(d), the
mobility for both types of carriers decreases as the tem-
perature increases. The inset of Fig. 6(d) illustrates the
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FIG. 6. (Color online) (a) Field dependence of the Hall resis-
tivity at different temperatures. (b) Temperature dependence
of the Hall coefficient obtained from the slopes of ρyx(B)
curves in high-field region. At about 100 K, the Hall coef-
ficient changes sign from positive to negative. (c) The Hall
conductivity σxy=
ρyx
ρ2yx+ρ
2
xx
, has been obtained from the ten-
sorial inversion of the resistivity matrix and plotted as a func-
tion magnetic field. Inset shows the two-band fitting of the
Hall conductivity at 10 K using Eq. (3). (d) Temperature de-
pendence of electron and hole carrier mobility obtained from
two-band fitting. Inset shows the extracted carrier densities
as a function of temperature.
temperature dependence of the extracted carrier density
for both electrons and holes. While the carrier densities
remain almost same throughout the temperature range,
the mobility shows strong temperature dependence and
it is different for the two types of charge carriers. Due
to the uncertainties in the numerical values of the pa-
rameters obtained from the two-band fitting, Fig. 6(d)
provides only a qualitative information about two types
of carriers. At temperature above ∼100 K, the mobili-
ties for electrons and holes become comparable and both
types of carriers start to contribute significantly to the
transport properties. This behavior is reflected in the
Kohler scaling analysis, where the MR curves have been
seen to deviate from the scaling at higher temperature.
To verify the results obtained from Hall resistivity, we
have also analyzed the longitudinal conductivity (σxx =
ρxx
ρ2xx+ρ
2
yx
) using two-band model [12, 50],
σxx = e
[
nhµh
1
1 + (µhB)2
+ neµe
1
1 + (µeB)2
]
. (4)
In Fig. 7, we have shown the global fitting of σxy and σxx,
i.e., these two quantities have been fitted simultaneously
FIG. 7. (Color online) Global fitting of the Hall conductivity
and longitudinal conductivity (σxx =
ρxx
ρ2xx+ρ
2
yx
) using two-
band model [Eq. (3) and (4)].
using Eq. (3) and (4) to enhance the reliability of the ex-
tracted parameters. The obtained electron [hole] density
∼2.5(3)×1019 cm−3 [∼1.9(5)×1019 cm−3] and mobility
∼3.3(1)×103 cm2 V−1 s−1 [∼1.2(8)×104 cm2 V−1 s−1]
at 10 K, are in good agreement with that calculated from
the Hall measurements.
E. de Haas-van Alphen oscillation and Fermi
surface topology.
We have performed the magnetization measurement
on the LaSbTe single crystals with magnetic field along
c-axis. The field dependence of the magnetization data
show a diamagnetic behavior with prominent de Haas-
van Alphen (dHvA) oscillation up to 10 K. Above this
temperature, the thermal scattering of the carriers starts
to dominate and the oscillations quickly washed out. To
extract the oscillatory component (∆M), we have sub-
tracted a smooth background from the magnetization
data and plotted in Fig. 8(a) as a function of 1/B. The
corresponding fast Fourier transform spectrum in the in-
set, shows a single frequency ∼55(1) T. From the Hall
resistivity data, it is evident that there are one electron-
type and one hole-type Fermi pockets in LaSbTe. How-
ever, as the density of charge carrier for both the Fermi
pockets is almost equal, their volume is expected to be
equivalent. In addition, the weak anisotropy in the an-
gular dependence of MR indicates nearly spherical ge-
ometry of the Fermi pockets. So, the cross-sectional ar-
eas of the Fermi pockets must be almost equal and as a
consequence, it is difficult to distinguish them through
quantum oscillation measurements. Similar behavior has
also been observed for Dirac semimetal Cd3As2, where
two equivalent ellipsoidal Fermi pockets result in sin-
gle frequency quantum oscillation [51]. To ensure that
this quantum oscillation corresponds to the bulk Fermi
pocket, we have also done the magnetization measure-
ments along crystallographic a and b-axis. For both di-
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FIG. 8. (Color online) (a) dHvA oscillation in the magnetiza-
tion data with field along c-axis, obtained after background
subtraction. Inset shows the corresponding FFT result. (b)
Temperature dependence of the oscillation amplitude, fitted
using the thermal damping term of Lifshitz-Kosevich (L-K)
formula. (c) Field dependence of the oscillation amplitude at
2 K. Solid line is the fit to the experimental data using L-K
formula, where X = 2pi2kBTm
∗/eh¯B. (d) Landau level fan
diagram with maxima position as n+1/4 and minima position
as n+3/4. The arrow indicates the x-axis intercept.
rections, dHvA oscillations have been observed. The cor-
responding FFT spectra (Appendix Fig. 10) show almost
similar oscillation frequency [75(3) T for B‖a-axis and
77(2) T for B‖b-axis] along three mutually perpendicu-
lar directions, indicating the three-dimensional nature of
the Fermi surface in LaSbTe. Moreover, the estimated
carrier density (∼5×1018 cm−3) from the oscillation fre-
quency is close to that obtained from Hall measurement
and is orders of magnitude higher than that expected
(∼1016) for any two-dimensional surface state [52]. Us-
ing the Onsager relation, F = (φ0/2pi
2)AF , where φ0
is the single magnetic flux quantum, we have calculated
the Fermi surface cross-section (AF ) ∼5.2(1)×10−3 A˚−2
perpendicular to the c-axis. The corresponding Fermi
momentum (kF ) is ∼4.0(1)×10−2 A˚−1. The temper-
ature dependence of the oscillation amplitude is plot-
ted in Fig. 8(b) and has been fitted using the thermal
damping factor of Lifshitz-Kosevich (L-K) formula, RT =
(2pi2kBT/β)/sinh(2pi
2kBT/β), where β = eh¯B/m
∗. m∗
is the cyclotron mass of the carriers and estimated to
be 0.06(2)m0 from the fitting parameters, where m0 is
the rest mass of a free electron. In Fig. 8(c), the mag-
netic field dependence of the oscillation amplitude at
2 K is shown. The experimental data have been fit-
ted using the magnetic field dependent part of the L-
K formula, ∆M = −B1/2RT exp(−2pi2kBm∗TD/h¯eB),
where TD is the Dingle temperature. From the fit-
ting parameters, Dingle temperature, quantum mobility
[µq=(eh¯/2pikBm
∗TD)] and the mean free path (l) of the
charge carriers have been estimated. All the extracted
parameters from the quantum oscillation are listed in
Table I. The calculated quantum mobility of the charge
carriers is seen to be smaller than the classical Drude
mobility, which has been obtained from the Hall resis-
tance. This is expected as µq is sensitive to both large-
and small-angle scattering in contrast to classical mo-
bility, which is only influenced by large-angle scattering
[47].
Further information about the topological nature of
the band structure in LaSbTe, can be obtained from the
Berry phase associated to the motion of the charge car-
rier. For the parabolic band dispersion the Berry phase
takes a value 0, whereas a non-trivial pi Berry phase is
obtained for linearly dispersing bands. An additional
phase contribution (δ) appears with a value 0 or ±1/8
for two-dimensional and three-dimensional band struc-
tures, respectively. The Berry phase can be determined
from the x-axis intercept of a Landau level fan diagram,
which is plotted from the maxima and minima positions
of the quantum oscillation. Considering the peak po-
sitions of ∆M as integer+1/4 and valley positions as
half integer+1/4, the x-axis intercept will be 0 for triv-
ial electronic band and 0.5 for non-trivial band structure
[22, 53, 54]. In Fig. 8(d), we have plotted the Landau
level fan diagram from the dHvA oscillation. The ob-
tained intercept ∼-0.02(1) is close to the theoretical value
for trivial band structure and far from that expected (0.5)
for a non-trivial state. Hence, the observed Berry phase
confirms that the bulk band structure of LaSbTe is topo-
logically trivial.
F. Signature of the helical spin texture in the
surface state.
A TI is characterized by topologically distinct surface
and bulk electronic states. While the bulk state is in-
sulating with gap between conduction and valence band,
surface state hosts linear band crossings. The surface
band structure is protected by time reversal symmetry
and can be represented by a Dirac-type effective Hamil-
tonian [55], Hsurf (kx, ky) = h¯vF (σ
xky−σykx), where ~σ is
the Pauli matrix. This leads to the spin-momentum lock-
ing and absence of backscattering of the charge carriers
during conduction through surface channel [55, 56]. For a
fixed momentum (k), the electron ‘spin’ (i.e. total angu-
lar momentum) has a fixed direction, which forms a spin-
texture [57, 58]. The electron-spin texture can be de-
scribed in terms of a helicity operator hˆ = (1/k)zˆ.(~k×~σ),
which takes values +1 and -1 for the lower and upper
Dirac cones of the surface electronic band structure, re-
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TABLE I: Fermi surface parameters extracted from dHvA oscillation.
F AF kF m
∗ vF TD µq l
T 10−3A˚
−2
10−2A˚
−1
m0 10
5 m/s K 103cm2V−1s−1 nm
55(1) 5.2(1) 4.0(1) 0.06(2) 8(3) 19(2) 1.8(3) 50(26)
FIG. 9. (Color online) (a) Schematic representing the spin-
texture of the surface state in a 3D topological insulator.
The arrows indicate the direction of the electron spins. (b)
Low field region of the magnetization data at 2 K for LaS-
bTe. Insets shows the corresponding magnetic susceptibility
χ (=∂M/∂B). (c) Magnetic susceptibility at different temper-
atures, indicating the robustness of the signal. (d) Magnetic
susceptibility curves at 2 K for different sample thickness (t).
Inset shows the normalized curves.
spectively [55]. As a consequence of opposite spin helicity
for the upper and lower Dirac cones, the electronic states
close to the Dirac point face singularity in their spin
orientation, provided the Dirac spectrum is not gapped.
These small number of electrons do not have any prefer-
able spin alignment and the spins are randomly oriented.
An external magnetic field can align the spins along its
direction and as a result a paramagnetic contribution is
observed in the total magnetic moment [59]. The corre-
sponding magnetic susceptibility shows a cusp in χ(B)
plot. The spin-texture of the surface state in a 3D topo-
logical insulator is shown schematically in Fig. 9(a). In
Fig. 9(b), the low-field region of the magnetization curve
is shown for LaSbTe, at a representative temperature 2
K. Although, diamagnetic behavior is observed at higher
field, a clear paramagnetic signal appears in the low-filed
region. The susceptibility (shown in the inset) exhibits
a cusp at B = 0, as expected for a topological insulator
[59]. Similar field dependence of magnetic susceptibility
has been reported for several topological insulators such
as Bi2Se3, Bi2Te3, Sb2Te3, Bi1.5Sb0.5Te1.7Se1.3 [59–61]
and narrow gap topological semimetals ZrTe5 and LaBi
[62, 63], both with spin helical Dirac cone surface states.
With temperature and chemical potential are set to zero,
the total susceptibility can be mathematically formulated
as [59],
χ(B) ∼= χ0 + µ0
4pi2
x
L
[
(gµB)
2
h¯vF
Λ− 2(gµB)
3
h¯2v2F
| B |
]
. (5)
Here χ0, Λ, µB , g and L are the background contribution,
effective size of the momentum space contributing to the
singular part of the total free energy, Bohr magneton,
Lande´ g-factor and thickness of the measured crystal, re-
spectively. x is the fraction of the surface state contribut-
ing to the areal susceptibility. A linear field decay of χ(B)
is expected from Eq. (5), which is indeed observed for
LaSbTe single crystals. Another interesting feature of
such magnetic response is the ‘robustness’ of the param-
agnetic signal. As shown in Fig. 9(c), the susceptibility
cusp exists even at room temperature and the peak height
along with its sharpness are invariant of the temperature.
This unusual thermal stability of the paramagnetic signal
can be attributed to an intrinsic surface cooling process of
thermoelectric origin [59]. Such unique temperature in-
dependent behavior of susceptibility can not be explained
assuming a small paramagnetic or ferromagnetic impu-
rity in diamagnetic host and is completely different from
the properties of dilute magnetic semiconductors. More-
over, the standard diamagnetic (Bi), paramagnetic (Pd)
samples (Fig. 11 in the Appendix) and topological Dirac
semimetal Cd3As2, do not show such phenomena [62].
To confirm the origin of the paramagnetic singularity, we
have done the magnetization measurements by changing
the sample thickness (t). The corresponding susceptibil-
ity curves are shown in Fig. 9(d). With decreasing bulk
volume, the diamagnetic background has been seen to
decrease and approximately scales with the thickness of
the crystal. However, as shown in the inset, the height of
the paramagnetic response remains unaltered, similar to
that observed in Bi2Se3, Bi2Te3, Sb2Te3 [59]. Therefore,
the observed paramagnetic singularity must be originated
from the non-trivial surface bands near the band crossing
points and confirms the TI state in LaSbTe.
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IV. DISCUSSIONS
LaSbTe represents a large family of isostructural com-
pounds. The members of this family have similar elec-
tronic band structure and proposed to be weak TIs from
theoretical calculations [17]. The single layer of these
compounds is an ideal candidate to realize a 2D TI with
global band gap, which is induced by spin-orbit coupling.
They lead to the weak TI, when the layers are stacked on
top of another, thus forming a three-dimensional struc-
ture. From ARPES experiments, ZrSnTe (a member
of WHM family) has been confirmed to host TI state
on the surface [18]. On the other hand, several mem-
bers of this family are shown to be topological nodal-
line semimetals [19, 20, 22]. So, it is equally intrigu-
ing to explore the topological nature of other members
of the family. The magnetotransport results of LaS-
bTe are identical to several TSMs. However, investiga-
tions on the surface state reveal a TI band structure.
These results are somewhat similar to that obtained for
ZrTe5 and LaBi [62, 63]. While both of the compounds
show semimetallic transport properties [30, 64], from sur-
face probing ARPES experiments and magnetic measure-
ments [62, 63, 65, 66], these materials are identified as TIs
with narrow gap in the bulk band structure. In these
systems, the semimetallic properties appear due to large
bulk carrier density, which suppresses the surface state
contribution.
V. CONCLUSIONS
In conclusion, we present the systematic study of
magnetotransport and magnetic properties of single
crystalline LaSbTe. Magnetic field-induced resistivity
turn-on along with low-temperature resistivity plateau
have been observed and analyzed from the aspects of
possible metal-semiconductor crossover as well as the
Kohler’s scaling. From the ρxx(T ) curves, a triangular
temperature-field phase diagram has been constructed,
which is universal for semimetals showing XMR. At 2
K and 9 T, a large transverse MR ∼5×103 % has been
observed without any signature of saturation. By rotat-
ing the magnetic field along different crystallographic di-
rections, significant anisotropy in the magnetotransport
properties has been observed. From the Hall measure-
ment, the presence of two types of carriers has been con-
firmed. The semiclassical two-band fitting of the Hall
and longitudinal conductivity reveals near-perfect car-
rier compensation with very high carrier mobilities and
explains the large MR in electron-hole resonance regime.
The Fermi surface parameters have been calculated from
de Haas-van Alphen oscillation in the magnetization mea-
surement. In the low-field region of the magnetization
data, a robust paramagnetic singularity has been de-
tected, which is a clear signature of the helical spin-
texture of the non-trivial surface state in a topological
insulator. Thus our measurements unambiguously con-
firm a TI state in LaSbTe, which is in accordance with
the theoretical calculations.
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APPENDIX
A. dHvA oscillation along crystallographic a and
b-axis.
dHvA oscillation has been also observed with magnetic
field along crystallographic a and b-axis. In Fig. 10,
the corresponding FFT spectra are shown at 2 K. The
obtained frequencies are 75(3) T for B‖a-axis and 77(2)
T for B‖b-axis.
FIG. 10. (Color online) FFT spectra of the dHvA oscillation
for magnetic field applied along a and b-axis.
B. Magnetization measurement for standard
samples.
The results of the magnetization measurement on stan-
dard diamagnetic (Bi) and paramagnetic (Pd) samples
are shown in Fig. 10. In both the cases, no cusp-like be-
havior has been observed in the magnetic susceptibility
data in the vicinity of B = 0.
FIG. 11. (Color online) Magnetic susceptibility χ (=∂M/∂B)
of (a) bismuth and (b) palladium at different representative
temperatures.
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